We describe the status of vasoactive intestinal peptide (VIP) receptors in regenerating liver. VIP-stimulated adenylate cyclase activity was markedly decreased in proliferating liver 3 days after partial (70 %) hepatectomy. This was associated with a reduced efficacy of VIP (53 % compared with controls), with no change in the potency of the peptide (ED 500.8 nM).
INTRODUCTION
Vasoactive intestinal peptide (VIP) is a neuropeptide which is widely distributed in neurons of the central [1] and peripheral [2] nervous systems. Although the highest VIP concentrations have been found in the brain and gastrointestinal tract [3] , VIP is also present in many other organs, including the liver, which possesses VIPergic fibres around the hepatic blood vessels [4] and in the hepatic lobule [5] , as shown by immunohistochemical techniques. Evidence that VIP may play a significant role in the liver includes the demonstration of its stimulatory effect upon glycogenolysis, by both increasing phosphorylase a and decreasing synthase a activities [6] , and upon gluconeogenesis, through the inhibition of pyruvate kinase activity [7] . Furthermore, VIP causes hyperglycaemia in dogs in vivo [8] and promotes glucose output from rabbit liver slices [9] and from isolated hepatocytes [10] . VIP has also been shown to be involved in the control of bile output [11] . On the other hand, the liver acts as a primary site for VIP clearance from portal blood [12, 13] .
VIP receptors have been purified [14] and characterized as a glycoprotein [15] in liver, where they mediate the stimulation of adenylate cyclase [16, 17] through the guanine nucleotide regulatory protein Gs [18, 19] .
Although pharmacological and biochemical studies have documented the properties of VIP receptors in quiescent adult hepatocytes, very little is known about VIP receptors and their coupling to the cyclic AMP production system during the rapid cell proliferation that follows partial hepatectomy [20] . We following hepatectomy. Indeed, glycogenolysis decreases and gluconeogenesis and ureogenesis increase [21] in rat liver 3 days after partial hepatectomy. Moreover, the expression of cyclic AMP-dependent protein kinase subunits is altered during liver regeneration [22] . (b) Cyclic AMP is an inhibitor of the G1/S transition phase in the cellular cycle so that the cells are apparently in Go when the levels of the cyclic nucleotide are increased [23] . (c) There are several lines of evidence that correlate inversely the adenylate cyclase activity stimulated by glucagon and the proliferation produced in fetal liver [24] after acute intoxication with CCI4 [25] , after hepatectomy [26] Crude liver membranes were prepared as described [32] . As an index of plasma membrane enrichment, the specific activity of Na+/K+-ATPase was measured [33] in crude membranes and in the liver homogenates from the control and hepatectomized groups. The same purification factor (about 2-fold) was obtained for both groups. Protein concentrations of membranes were measured by the method of Lowry et al. [34] , using BSA as a standard.
Binding studies VIP binding to rat liver membranes was studied as previously described [32] . Briefly, membranes (about 0.05-0.10 mg of protein/ml) were incubated for 30 min at 30°C with 50 pM-'251-VIP in the absence or presence of 0.01-100 nm unlabelled VIP in 0.25 ml of assay buffer consisting of 60 mM-Hepes, 2 % (w/v) BSA and 0.1 % (w/v) bacitracin, pH 7.5 . VIP binding to rat intestinal epithelial cells (jejuno-ileal and colonic cells) was studied in a similar manner, as previously described [35] . Briefly Scatchard [36] using the EBDA program and by the non-linear curve-fitting program LIGAND [37] . The integrity of 1251-VIP in the incubation mixture was measured by precipitation with 10% trichloroacetic acid as described [38] . Less than 10 % of labelled VIP was degraded within the incubation period for both control and hepatectomized rats. Adenylate cyclase assay Adenylate cyclase activity was measured as described elsewhere [39] , with minor modifications. Briefly, membranes (0.3 mg of protein/ml) were incubated with 1.5 mM-ATP, 5 mM-MgSO4, Gpp [NH]p was tested, GTP was omitted from the incubation medium. After 20 min of incubation at 30°C, the reaction was stopped by heating the mixture for 3 min. After refrigeration, 0.9 ml of an alumina slurry (0.25 g/ml in triethanolamine/HCI buffer, pH 7.6) was added and the suspension was centrifuged (3000 g, 5 min). The supernatant was taken for assay of cyclic AMP by the method of Gilman [40] .
Cross-linking of 1251-VIP to membranes and SDS/PAGE analysis Cross-linking experiments were carried out as previously described [32] . Membranes (about 0.5 mg of protein/ml) were incubated for 30 min at 30°C in 5 ml of the binding assay buffer containing 0.5 nM-'25I-VIP. To determine non-specific binding, parallel samples were incubated in the presence of an excess (0.3 uM) of unlabelled VIP. After incubation, the reaction was stopped by addition of 35 ml of ice-cold 60 mM-Hepes buffer (pH 7.5). The membrane suspension was centrifuged for 15 min at 30000 g, and the pellet was resuspended in 1 ml of 60 mMHepes buffer (pH 7.5) containing 1 mM-dithiobis(succinimidylpropionate) (DTSP). The cross-linking reaction was stopped after 15 min at 4°C by adding 0.5 ml of ice-cold 60 mmHepes buffer (pH 7.5) containing 60 mM-lysine as a reagent quench. The mixture was centrifuged for 15 min at 30000 g, and the pellet was solubilized with 0.1 ml of 60 mM-Tris/HCl buffer (pH 6.8) containing 10% glycerol, 0.001 % Bromophenol Blue and 3 % SDS. After heating for 30 min at 60°C, the suspension was centrifuged for 20 min at 30000 g and aliquots of the supernatant were submitted to SDS/PAGE, using procedure of Laemmli [41] as described [32] . The gels were run, fixed and dried as described previously [42] . Dupont films (Cronex-4) were then exposed to the gels for 1-7 days at -70°C, using an intensifying screen.
Cholera toxin-catalysed ADP-ribosylation ADP-ribosylation of membranes was carried out as previously reported [18] . After activation of the toxin [18] , membranes (0.5 mg of protein/ml) were incubated with the toxin (50 ,tg/ml) in 0.1 M-phosphate buffer, pH 7.5, containing 5 mM-ATP, 50/M-GTP, 5 4uM-[32P]NAD+, 2 mM-EDTA, 5 mm-MgC12 and an ATPregenerating system. After 30 min at 30°C, the reaction was stopped by precipitation with 10% (w/v) trichloroacetic acid and submitted to SDS/PAGE as described [42] .
Immunodetection of as and a subunits of G, proteins Membranes were solubilized in SDS sample buffer, and proteins were run on an SDS/10 %-polyacrylamide gel as described [42] . The transfer of proteins to nitrocellulose and immunodetection of a and / subunits of G. proteins using antisera for the a. subunit (A572) and the f subunit (U49) were carried out as described [43] . Briefly, the nitrocellulose sheets were cut into slices, preincubated with 50 mM-Tris/HCl, pH 8.0, 2 mM-CaCl2, 80 mM-NaCl, 0.2% (v/v) Nonidet P40 and 5% (w/v) non-fat dry milk. Antisera were diluted in the same buffer and incubated for 1 h at room temperature. After washing, bound immunoreactive proteins were revealed using 125I-labelled goat antibodies against rabbit IgG, and immunoblots were exposed for 1 
RESULTS
As shown in Fig. 1 , VIP-stimulated adenylate cyclase activity was markedly decreased in liver membranes from rats hepatectomized 3 days previously as compared with shamoperated rats. This was due to a reduced efficacy of VIP (53 % of control); however, there was no change in the potency of the peptide, which half-maximally stimulated enzyme activity at 0.7 10 [18] .
It appeared that cholera toxin induced incorporation of 32P in the Mr-42000 cx subunit of G, in both membrane preparations (Fig.   3) . However, the intensity of the labelling was higher in membranes from hepatectomized rats than from controls ( Fig.  3) , indicating an increase of Mr-42000 cholera toxin substrates during liver regeneration. Immunoblots using anti-(ac, subunit) antibodies also showed that the Mr-42000 a, subunit was present in higher amount in liver membranes during regeneration (Fig.   4 ). The same holds true for the ,6 subunits of G proteins, since immunoblots using anti-(,4 subunit) antibodies showed a greater amount of the Mr-35 000 /8 subunit in membranes from hepatectomized rats than from controls (Fig. 4) . Taken together, these experiments support the idea that the G, protein was overexpressed during liver regeneration and was not responsible for the decreased VIP-stimulated adenylate cyclase activity.
VIP binding to liver membranes was found to be markedly decreased after hepatectomy (Fig. 5 ). Scatchard analysis [36] of the data gave an upwardly concave curve (results not shown), indicating heterogeneity of binding. The analysis of the binding data by the computer program LIGAND [37] resulted in a best fit for a model of two VIP-binding sites possessing different affinities and capacities. Liver membranes from hepatectomized rats displayed a significant decrease in the maximum VIPbinding capacity without changes in the affinities of the VIP receptor (Table 1) . For VIP receptors in isolated jejuno-ileal and colonic cells from hepatectomized and control rats. It appeared that the two classes of VIP receptors observed in these two cell types displayed an increased Bmax in hepatectomized rats compared with controls, while the corresponding affinity values were unchanged (Table  1) .
Further experiments were conducted to identify VIP receptors at the molecular level in regenerating liver after hepatectomy. For this purpose, the cross-linker DTSP was used to covalently attach 125I-VIP to membranes from hepatectomized and control rats. SDS/PAGE analysis of cross-linked complexes indicated two specifically labelled bands in each membrane preparation, with a much lower labelling in hepatectomized rats than in control rats (Fig. 6) . Interestingly, the apparent Mr of the crosslinked l25l-VIP-receptor complex represented by the lower band was higher in regenerating liver than in quiescent hepatocytes from control rats, e.g. 58000 versus 53000 respectively. This slight difference was consistently observed in three separate experiments. The minor upper band has been interpreted to be the association of the VIP-receptor complex to a subunit of Gs [19] . As expected, the labelling of the bands was completely abolished by 0.3 /M unlabelled VIP.
DISCUSSION
This study demonstrates that the expression of VIP receptors and the adenylate cyclase response to VIP are reduced during liver regeneration. This extends to a neuropeptide receptor previous observations indicating alterations to receptors for growth factors [45] [46] [47] and hormones [26] after hepatectomy.
The decreased VIP-stimulated adenylate cyclase activity (Fig. 1) in regenerating liver is most likely related to the observed loss of VIP receptors (Fig. 5) are overexpressed during liver regeneration. This is apparently inconsistent with the impaired adenylate cyclase response to VIP in liver membranes from partially hepatectomized rats. However, it is known that G proteins are in vast excess over receptors in plasma membranes [48] and that they therefore are not limiting factors in receptor function, even allowing for the fact that many other receptors will use these same coupling proteins.
The reason why VIP receptors are less abundant in regenerating liver than in quiescent adult hepatocytes and the mechanism of this alteration are not known. The mechanism is not known either for any other receptors previously shown to be altered after partial hepatectomy [45] [46] [47] . It could be related to a lower level of VIP receptor mRNA due to transcriptional or posttranscriptional control. The recent purification to homogeneity of VIP receptors from porcine liver [14] should provide the means of answering this question. Post-translational alterations in VIP receptors may also result in a decreased number of active receptors after hepatectomy. Such a modification is indicated by the altered migration of covalently labelled receptors from hepatectomized rats on SDS/PAGE. The apparent Mr of VIP-receptors complexes is higher in membranes from hepatectomized rats (58000) than from control rats (53000). In the ontogenic development of the rat intestine [49] and calf pancreas [50] the marked changes in the stoichiometric parameters of the VIP-receptors complexes, have been also correlated with modifications to the Mr of VIP receptors identified in cross-linking experiments. Previous studies indicated the occurrence of alterations in the glycosylation of proteins during rat liver regeneration [51, 52] . It is therefore tempting to speculate that an altered glycosylation of VIP receptors during liver regeneration plays a role in the increase in Mr of VIP receptors. Preliminary results from our laboratory indicate that crosslinked 125I-VIP-receptor complexes from hepatectomized rats have a lower ability to bind to concanavalin A-Sepharose than corresponding complexes from control rats (J. C. Prieto, unpublished work). Further experiments are clearly needed to investigate this issue. Two classes of VIP-binding sites with different affinities were defined when analysing the stoichiometric data, as is also the case in the majority of studies on VIP binding [53] , whereas two 1251I-VIP-labelled bands were observed in crosslinking studies of liver membranes in both control and hepatectomized rats. The lower band (Mr 53 000) has been ascribed to VIP-receptor complexes [14] and the minor upper band to complexes between the VIP receptor and a subunit of Gs [19] . However, further investigations are needed to clarify if the two bands are related to the heterogeneity observed in the VIP binding affinities and capacities.
Whatever the biochemical events underlying the decrease of VIP receptors in regenerating liver, this phenomenon may be related to a ligand-induced down-regulation of receptors. Indeed, VIP induces a down-regulation of its receptors in cultured cells [54, 55] . Under normal conditions, low concentrations of VIP are present in portal blood, originating from a washout of VIP released by nerve endings in the gastrointestinal tract [13] . Elevated circulating levels of VIP have been described in liver diseases [56] , in accordance with the major role of liver in the inactivation of blood-borne VIP [131. Whether or not an elevated circulating level of VIP during liver regeneration is responsible for a VIP-induced down-regulation of the hepatic VIP receptors remains to be determined. Such a mechanism may be responsible for the decreased number of liver glucagon receptors after partial hepatectomy [26] , which is associated with an elevated circulating glucagon level [57] .
Contrary to VIP receptors in the liver, intestinal VIP receptors are slightly increased following hepatectomy. This observation suggests that the decreased expression of VIP receptors in regenerating liver is specific to this organ, and does not favour the idea of a general down-regulation of VIP receptors in the hepatectomized rat. This may be due to the fact that VIP in the intestinal tract is released locally by nerve endings [13] , whereas it enters into the liver through the portal blood.
The physiopathological implications of the decrease in the VIP receptor number and VIP stimulation of adenylate cyclase may be related to hepatic proliferation, as suggested by the loss of the stimulatory effect of glucagon adenylate cyclase after hepatectomy [26] or in other proliferative states of the liver [24, 25, 27] .
Since receptors are either decreased [45] or increased [46] after partial hepatectomy, it may be suggested that a fine balance in the expression of various type of neurohormonal receptors, including those for the neuropeptide VIP, is responsible and/or necessary for the proliferation and subsequent differentiation of hepatocytes.
Recent studies by Nair and colleagues [58] 
